We have proposed that the "doublet" EPR spectra observed during catalysis by a number of coenzyme B1 2-requiring enzymes arises from a weak electrostatic exchange interaction between an organic free radical and low spin Co(II), B 1 2r. By varyingthe magnitude of the exchange coupling we have quite accurately simulated the published EPR spectra from the enzyme systems: diol dehydrase, glycerol dehydrase, ribonucleotide reductase, and ethanolamine ammonia lyase. A dipolar model was shown to be incompatible with the observed properties of these systems.
Introduction
Several enzyme systems requiring the vitamin B1 z coenzyme have been shown to exhibit unusual electron paramagnetic resonance (EPR) spectra during the course of catalysis. The observed spectra are substantially similar in all reported instances, and are characterized by a broad resonance near g = 2.3 and by a rather narrow doublet disposed around g = 2. Information relevant to the various enzyme systems was gathered from the published literature [1--8] and is assembled and referenced in Table I .
In every system studied the appearance of the characteristic EPR spectrum occurs at a rate which is faster than or comparable to the turnover rate of the enzyme. In the case of diol dehydrase from Aerobacter aerogenes [9, 10] it has been shown that all of the coenzyme molecules participate in a hydrogen exchange or transfer reaction with the substrate during catalysis and therefore all the coenzyme participates in the reaction. Since, in general, the integrated intensity of the EPR apparent substance, relative to a standard solution of Cu 2+, accounts for a substantial fraction of the total coenzyme present it would T 
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Optical evidence for B12 r o-1 b~ appear that the EPR spectrum arises from a viable intermediate of the catalytic reaction. We will offer further substantiation of this general conclusion. A number of observations suggest that the EPR spectrum in question derives from an organic free radical and low spin Co(II), B12r. The evidence for the formation of B1 2r during catalysis derives from both optical spectra and EPR spectra. Thus, during catalysis the optical spectrum of these enzymatic systems consists, at least in part, of that characteristic of B12 ~. And, the EPR signal evident near g = 2.3, has been generally associated with B12~ which has its strongest absorption at this energy.
Evidence for the presence of an organic free radical comes from experiments in which isotopic substitutions, either replacing ~ H with 2 H or ~ 2 C with 1 3 C have been made in the various substrates and the affect of this on the EPR spectrum observed. In the cases of diol dehydrase (ref. 8 and Valinsky, J.E., Fee, J.A. and Abeles, R.H., unpublished)and ethanolamine ammonia lyase [5] it has been shown that some spin density exists on certain atoms of the respective substrates.
However, complete deuteration of a substrate of ribonucleotide reductase (guanosine triphosphate) yielded no evidence of spin density on the C-2 proton of this substance. Further, neither the use of deoxy [5', 5'-2H2 ] adenosyl cobalamin in place of the normally protiated coenzyme nor reduced seleno lipoate in place of reduced lipoate as the electron donor failed to induce any modification of the observed EPR spectrum [2] . Therefore, in two cases it has been demonstrated that electron density resides on the substrate and in the ribonucleotide reductase system 13C substitution in the ribose ring, particularly at the 2 and 3 positions, may yet yield evidence of spin density on substrate.
The above discussion suggests that the EPR spectrum of the intermediate arises from a substrate radical and low spin Co(II), B12r-A number of observations have indicated that the two apparent resonances around g = 2 are associated with a single specie: (a) The energy difference between the two lines is independent of the Zeeman energy, (b) isotopic substitutions affect each line in a similar fashion, (c) saturation studies indicate that the two lines have similar relaxation properties which differ substantially from those of the g ~ 2.3 resonance. These observations strongly suggest that the observed spectrum arises from some form of spin-spin interaction. The questions to be answered are the nature of the spin-spin interaction and the identity of the interacting specie.
The purpose of this communication is to demonstrate that the high field portion of all EPR spectra of this type observed to date can be accurately computed using a simplified model in which spin dipolar interactions are substantially smaller than spin exchange interactions and the primary cause of the splitting is an electrostatic exchange interaction between an organic free radical and low spin Co(II).
Theory and comparison with published experimental observations
That the spectra are caused predominantly by an isotropic exchange interaction between the low spin Co(II) and a free radical will be obvious to anyone schooled in high resolution NMR. The spectra in question bear striking resemblances to those observed in what is known in proton NMR circles as AB systems, that is, a system consisting of exchange-coupled spins having relatively similar "chemical shifts" or g-values [12] . The major clues that this is the cause of the splitting are: (a) the line intensities of the "doublet" are markedly different for all spectra studied even when the individual line shapes are highly symmetric, and (b) the individual line shapes are highly symmetric whenever the splitting is large. By the same token these same clues indicate that the spectra do not result from a dipole-dipole coupling between two spin specie. For a discussion of spectra resulting from dipole-dipole coupling the reader is referred to any text on NMR in the solid phase (e.g. ref. 13 ). This having been said, most of what is to follow is redundant; nevertheless, for reasons of continuity the physics will be repeated.
The system under investigation here is slightly more complicated than proton NMR because the Co(II) has an anisotropic g-tensor. That fact only complicates the mathematics and is superfluous to the important physics of the problem, therefore, we will begin by discussing the case of two interacting spin specie having isotropic g-tensors. The main features of the spectra will show themselves there, and the added complication of anisotropic g-tensors will be discussed last.
Let us write the Hamiltonian describing the system of two spin 1/2 electrons interacting with an isotropic exchange interaction and in an applied magnetic field as follows:
The interaction $1 • $2 commutes with Sz = Slz + $2~. If we choose the product representation given by the spin wavefunctions ~(1)~(2), a(1)fl(2), fl(1)~(2) and fl(1)fl(2) {where ~ is the wavefunction for mz = +1/2 and fl is the wavefunction for mz = --1/2) then the exchange interaction mix es the ~ (1)fl (2) and fl(1)~(2) states as stationary states. To obtain the new energy levels and stationary states one simply diagonalizes the matrix of energy eigenvalues. This has already been done for us in the NMR literature [14] . If a positive quantity C and angle 0 are defined by:
'/' and tan 20 {g2 --gl)flH (2) then the wavefunctions and energy levels for the coupled electron system are given as in Table II . Because the spin system interacts with an oscillating microwave field along the x-axis, the interaction inducing transitions between states is given by ----gl {JS1 x Hx --g2fJSu~Hx = ---fl(gl Sz x + g2S2~ )H~ and the major transitions induced are given b:~ AS~ = + 1 with relative intensities given by the square of the matrix elements as shown in Table III .
The spectrum will consist of four lines and have the general "stick-spectrum" appearance as shown in Fig. 1 . The two lines on one side correspond to the radical "doublet". The ratio of the intensities of one of the middle lines to the outside line is given by:
where 0 is defined by Eqn 2. Let us calculate the expected ratio of these intensities by substituting approximate values for J and gl and g2 for a particular spectrum, e.g. that observed by Hamilton and Blakeley [1] for ribonucleotide reductase, shown in Fig. 2E . Notice that the separation of the "radical doublet" is a direct measure of 2J (2J = 110 g) and gl = 2.0, g2 ~-2.2 so tan 20 ~_ 110 g/330 g = 1/3 and sin 20 ~ tan 20 ~--1/3. Substituting these values in Eqn 3, our predicted intensity ratio is 2 : 1, which is close to that observed. Clearly this precise agreement is accidental but, nevertheless, this points up the applicability of the simplified model. Now that we understand the basic phenomenon responsible for these spectra we can expand our model to include the added complication caused by the fact that the Co(II) g is a tensor and there is an anisotropic hyperfine interaction between the cobalt electron system and the cobalt nucleus. The ; C, diol dehydrase plus propane diol [3] ; D, glycerol dehydrase plus propane diol; E, ribonucleotide reductase plus adenosine triphosphate [ 1] . Spectra were taken from the various references and were standardized photographically along the magnetic field. The computed spectrum was then normalized vertically to each spectrum. The parameters used in the computation are given in Table IV. effective Hamiltonian is then c~='-~fi:g2:S2--g~ S, "H +I2 :A2:$2 --2JS~ "$2
We have treated these added terms by first-order perturbation theory assuming that the A-tensor principal axes were colinear with the g-tensor principal axes. A computer program was written which calculates a powder spectrum by taking a representative sampling of magnetic field orientations with respect to the g-tensor principal axis frame. The resulting stick-spectrum was then convolved with appropriate Gaussian lineshape functions to yield the final EPR spectrum.
Several representative spectra were calculated for the variety of interacting specie reported in the literature, and the comparisons with experimental spectra are shown in Fig. 2 . The important fact to note here is that the cobalt parameters were nearly the same for all of these spectra (See Table IV ). Because the intensity ratio of the radical "doublets" is sensitive to the cobalt parameters near perfect fits would result if these parameters were permitted to change slightly. We thought, however, that this presentation was more useful in demonstrating that the model of an exchange-coupled cobalt radical system explains all of the spectra to first order simply by varying the magnitude of the exchange coupling. Fig. 2 The Co(II) A-values used for all spectra were A x = 35 MHz, Ay = 14 MHz and A z = 280 MHz. These values are consistent with those obtained for the B12 r system by Pilbrow and Winfield [11] . The g-tensor of the free radical~ its linewidths, and the exchange coupling were taken to be isotropic. All linewidths are given in gauss (G). (MHz) (shown in Fig. 2 It should be emphasized that the assumptions made by previous authors that the "doublet" was from a single S = 1/2 specie are substantiated by these spectral fits, and the integrations previously alluded to are correct.
The readers attention is called to the fact that not much magnetic dipoledipole interaction is permitted by these spectra; such computations (see below) resulted in broad anisotropic lineshapes over and above that introduced by the cobalt anisotropic g-and A-tensors.
Discussion
The exchange-coupled model of a low-spin cobalt (II) and an organic radical adequately explains all spectra observed to date in these systems. In particular, it accounts for the intensity ratios of the radical "doublets" which had previously escaped rational explanation. The fact that agreement in the g = 2.3 region is haphazard at best can be readily explained by the fact that some isolated B1 2r material can contribute here as well. This is particularly true with ribonucleotide reductase [2] where the low-field fit is quite poor.
One of the interesting features of the exchange-coupled model is that there exists sufficient overlap between the cobaltous electron distribution and the organic radical unpaired electron distribution to provide the isotropic exchange interaction, yet the dipole-dipole interaction between the same two electron spin distributions must be no larger than the linewidths.
The magnetic dipole-dipole interaction between two distributed spin distributions is given to first order by the qumltum-mechanical expectation value P'zP2z-(3 COS20 --1) ~ r 3
over the two spatial distributions, where 0 is the angle between the applied external field and ~ is the radius vector connecting the two dipoles. Because the samples are all frozen aqueous solutions, all orientations of the complex with respect to the external field are to be weighted equally according to solid angle [13] . This weighted sum produces an anisotropic distribution. In order to first integrate over the spin distributions themselves and then sum over the random orientations of the complex with respect to the external field, it is convenient to define a coordinate system fixed to thecomplex and then to specify the orientation of both ~ and the applied field, H, with respect to this same coordinate system. By means of the spherical harmonic addition theorem [14] , This then permits us to integrate over the various orientations of P specified by the spin distributions. Clearly one may obtain small values of ((3 cos2v --1)/r3) if either r is large or (3 cos2v --1) is small; thus, there are two physical mechanisms whereby the dipolar interactions can be diminished. We do not know the distance between the two interacting spin systems, but one of these is fixed near the center of the corrin ring. This atom, Co(II), must play a central role in the catalytic mechanism and therefore may be thought to be in close proximity to the substrate. If the electron spin resides solely on substrate and this coordinates to Co(II) via one of its C, N, or O atoms, then for the small substrates the value of r must be < 5 A, assuming a maximum separation of the two unpaired electrons.
Because the cobalt paramagnetism is partially delocalized onto the atoms of the corrin ring, we will assume that only 50% of the spin density resides in the 3d orbitals of cobalt. This assumption together with the assumption of r ~ 5~ between centers of the unpaired spin distributions yield a value of (p(3 cos2v -1)/r3> <30 G. The intrinsic radical linewidths employed in the computer fits of Fig. 2 (see Table IV ) ranged from 15 to 30 G, which are consistent with the above.
If r < 5~ then the dipolar interaction must be attenuated by a mechanism associated with (3 cos2v-1). Therefore, let us examine what it means for (3 cos2v-1> to also be small, since that is what the observation of a small dipolar coupling would require. There exists a "magic angle", v = 54o53 ', such that 3 cos2v-1 is exactly zero. This leads us immediately to one possible model for the complex which would yield a vanishingly small dipolar coupling; namely, if the radical were bound to the cobalt in such a way that it was free to rotate (all values of ¢) around a cobalt-substrate bond where the angle between the line joining the center of the cobalt and the center of the dominant unpaired spin distribution makes an angle on the order of 54 + 15 ° with respect to the normal of the corrin plane. The rotation frequency must be fast compared to the anisotropy in the dipolar coupling so as to average all of the ~b terms to zero as they appear in the spherical harmonic addition theorem.
The attenuation of the dipolar interaction by rapid rotation of the organic radical as described above seems unlikely because those enzymes which act on large substrates exhibit EPR spectra essentially identical to those which have smaller substrates. Indeed, any free rotation model would seem to be excluded by the observations [2, 5] that the EPR spectra are unchanged at temperatures near liquid helium where thermally induced motion would be greatly reduced.
There is still a third mechanism by which the observed dipolar linewidth can be reduced, namely, if the interaction is modulated by either T1 relaxation or by the radical going on and off the cobalt. This latter modulation mechanism has been invoked by Leigh [15] to explain the EPR spectra in free radicals covalently bonded to protein molecules containing paramagnetic ions. We cannot use it here because there is no evidence to support the notion that the radical is going on and off the cobalt. The relatively short electron T1 of cobalt can be used, however, to explain some slight reduction in the observed dipolar splitting and for all but the lowest temperatures this undoubtedly contributes.
In summary, we believe that the model proposed here to explain the spectra observed is consistent with all of the physical and chemical information available. Any future chemical model proposed to explain the mechanism for these reactions must provide for the observed isotropic exchange interaction and must not require mean distances between radical and cobalt spin distributions much less than 5 A.
